Entropy generation of fully developed steady, viscous, incompressible couple stress fluid in a vertical micro-porous-channel in the presence of horizontal magnetic field is analysed in this work. The governing equations for the flow are derived, and nondimensionalised and the resulting nonlinear ordinary differential equations are solved via a rapidly convergent technique developed by Zhou. The solution of the velocity and temperature profiles are utilised to obtain the flow irreversibility and Bejan number. The effects of couple stresses, fluid wall interaction parameter (FSIP), effective temperature ratio (ETR), rarefaction and magnetic parameter on the velocity profile, temperature profile, entropy generation and Bejan number are presented and discussed graphically.
Introduction
In the last decades, the study of microchannel flows has become an important subject for researchers because of the reduction in the size of such devices which increases the dissipated heat per unit area. The effective performance of these devices is dependent on the temperature; as a result a comprehensive knowledge of such flow behaviours is required for accurate prediction of performance during the design process. These microfluidics have characteristic lengths of 1 À 100 μm and are categorised by the dimensionless quantity called the Knudsen number Kn ð Þ. Researchers have shown that microchannel flows are influenced by several parameters of which velocity slip and temperature jump occurring at the solid-fluid interface in small-scale systems are the most important [2] [3] [4] . Velocity slip and temperature jump become more significant at higher Knudsen number. The latter boundary conditions are assumed at Knudsen number greater than 0.01 since below this value the classical Navier-Stokes equations is no longer valid.
The influence of velocity slip and temperature jump on microchannel flows has been extensively studied. Khadrawi and Al-Shyyab [5] obtained a close form solution of the effect of velocity slip and temperature jump on heat and fluid flow for axially moving micro-concentric cylinders. Chen and Tian [6] applied lattice Boltzmann numerical technique with Langmuir model for the velocity slip and temperature jump to investigate fluid flow and heat transfer between two horizontal parallel plates. The study suggested the application of Langmuir-slip model as an alternative for the Maxwell-slip model. Earlier on, Larrode et al. [7] in his work, slip-flow heat transfer in circular tubes, has stated the significance of fluid-wall interaction. Moreover, Adesanya [8] has analytically studied the effects of velocity slip and temperature jump on the unsteady free convective flow of heatgenerating/heat-absorbing fluid with buoyancy force. The study concluded that an increase in the slip parameter enhanced fluid motion, while an increase in the temperature jump parameter increased fluid temperature. Aziz and Niedbalski [9] applied finite difference technique to investigate thermally developing microtube gas flow with respect to both radial and axial coordinates. The result indicated that increase in Knudsen number reduced local Nusselt number (Nu). Several investigations regarding microchannel flows have also been carried out by Jha and collaborators [10] [11] [12] .
From the perspective of energy management, it has been established that thermal processes such as the microscale fluid flow and heat transfer modelling are irreversible. This implies that entropy generation which destroys the available energy leading to inefficiency of thermal designs exists. Therefore, the aim of this research endeavour is the minimisation of irreversibility associated with microchannel flow of couple stress fluid by applying the robust approach proposed by Bejan [13] and applied by numerous researchers such as Adesanya and collaborators [14] [15] [16] , Adesanya and Makinde [17] [18] , Ajibade and Jha [19] , Eegunjobi and Makinde [20] [21] , Das and Jana [22] and more recently Opanuga and his collaborators [23] [24] [25] [26] .
In this work, an efficient technique introduced by Zhou has been employed to construct the solutions of the velocity and temperature profiles. Due to the accuracy of this technique in handling numerous linear and nonlinear models of both ordinary and partial equations, it has gained wide applications by investigators over the last decades. Arikoglu and Ozkol [27] applied it to obtain the solution of difference equations. Biazar and Eslami [28] solved quadratic Riccati differential equation using this method. Agboola et al. [29] [30] applied it to third-order ordinary differential equations and natural frequencies of a cantilever beam. Solutions of Volterra integral equation via this technique was obtained by Odibat [31] , while Opanuga et al. [32] compared the method with Adomian decomposition method to find the solution of multipoint boundary-value problem and more recently in couple stress fluid model [33] .
Problem formulation
A fully developed laminar, viscous, incompressible and electrically conducting couple stress fluid in a vertical parallel microchannel of width h is considered. The x-axis is such that it is vertically upward along the plates while the y-axis is taken normal to it. There is an asymmetric heating of the plates such that the hotter plate y ¼ 0 ð Þis maintained at temperature T 1 , while the cooler plate y ¼ h ð Þis at temperature T 2 , T 1 >T 2 ð Þand T 0 is the reference frame. Velocity slip and temperature jump are incorporated. Furthermore, induced magnetic field effect arising due to the motion of an electrically conducting fluid is taken into consideration ( Figure 1) . Following Cheng and Weng [34] , the velocity slip and temperature jump are given as
While the governing equations for the flow are stated as [10]
The boundary conditions are
The dimensionless parameters for this flow are Using (5) in Eqs. (2)- (4) yields the boundary-value problems:
Method of solution
DTM is applied in this work to obtain the solution of the velocity and temperature profiles. The results are used to calculate the entropy generation and irreversibility ratio.
Differential transformation method (DTM)
Consider a function, f x ð Þ. The differential transformation of the function f x ð Þ is defined as
where f x ð Þ is the given function and F k ð Þ is the transformed function which is also known as the spectrum of f x ð Þ. The inverse differential transformation of F k ð Þ is given by
In practise, the function stated in Eq. (10) is usually represented by a finite series of the form:
where n is the size of the series (Arikoglu and Ozkol [27] , Biazar and Eslami [28] ).
To apply DTM to the problem in view, the basic properties of DTM, which are outlined in Table 1 , are invoked in Eqs. (6)- (8) . Doing this, one obtains the following recurrence relations: Table 1 .
Operations and properties of differential transform method. 
5
Convection
where Using the recursive relations of Eqs. (12) and (13), we can obtain the differential coefficients,
The values of F k ð Þ and Θ k ð Þ for k ¼ 0, 1, … are now substituted back into Eq. (14) to obtain the series solutions in the form:
We next invoke the transformed form of boundary condition (8) on (16) To verify the accuracy of the results, the exact solution of the velocity profile (6) subject to the boundary conditions (8) 
The above solution is compared with DTM solution as displayed in Table 2 .
Analysis of entropy generation
The local entropy generation for the flow is given as Bejan [13]: 
The first term in Eq. (18) k T Using (4) in Eq. (18), the dimensionless form of entropy generation is written as where S G ; Ns ð Þare the dimensional and dimensionless entropy generation rates. The ratio of heat transfer entropy generation N 1 ð Þ to fluid friction entropy generation N 2 ð Þ is represented as
Alternatively, Bejan number gives the entropy generation distribution ratio parameter; it represents the ratio of heat transfer entropy generation N 1 ð Þ to the total entropy generation N s ð Þ due to heat transfer and fluid friction; it is defined as
Note that N 1 represents heat transfer irreversibility, while N 2 denotes irreversibility due to viscous dissipation, couple stresses and magnetic field.
Results and discussion
In this work, investigation has been conducted on fully developed, steady, viscous and incompressible flow of couple stress fluid in a vertical micro-porouschannel in the presence of magnetic field. Effects of couple stress parameter a ð Þ, fluid wall interaction parameter ψ ð Þ, effective temperature ratio (ETR) ξ ð Þ, rarefaction β v Kn ð Þand Hartmann number H ð Þ are presented in this section. Reasonable intervals for the above parameters as used by Chen and Weng [32] are adopted in this investigation: 0≤H≤10, 0≤vKn≤0:1, 0≤ψ≤10 and the selected reference values of βvKn ¼ 0:05, ln ¼ 1:667. Furthermore, 0≤ξ≤5 and 0≤a≤2 with reference values of a ¼ 1, ξ ¼ 0:5. Table 2 .
Comparison of the exact solution with the values of velocity (u). Figure 2A illustrates the influence of couple stress parameter on fluid velocity. The plot shows a significant reduction in fluid velocity as the values of couple stress parameter increase. This observation is due to the increase in the dynamic viscosity of the fluid. In Figure 2B , it is illustrated that fluid temperature drops as couple stress parameter increases. It is depicted in Figure 2C that fluid entropy generation decreases at the microchannel walls as couple stress parameter increases. However, the effect is opposite near the middle of the microchannel. The same scenario is observed in Figure 2D ; it is shown that Bejan number reduces in value at microchannel right wall which is an indication that fluid friction irreversibility is the major contributor to entropy generation as couple stress parameter increases. Figure 3A presents the effect of fluid-structure interaction parameter on fluid velocity. It is noted that FSIP does not have any significant effect on the slip velocity at the walls as well as the microchannel. However, Figure 3B reveals that fluid temperature is enhanced as FSIP increases. Response to the enhancement in fluid temperature in Figure 3B is the rise in fluid entropy generation at the hotter wall of the microchannel, while entropy generation is reduced at the cooler wall as depicted in Figure 3C . In Figure 3D , it is noticed that Bejan number increases at the hotter wall of the microchannel, while it reduces at the cooler wall. The implication of the latter is that heat transfer irreversibility is the cause of entropy generation at the hotter wall, while on the other hand, fluid friction irreversibility is the major contributor at the cooler wall of the microchannel.
Influence of couple stress parameter

Influence of fluid-structure interaction parameter
Influence of effective temperature ratio
Next is the response of fluid velocity, fluid temperature and entropy generation to variation in effective temperature ratio. In Figure 4 , it is observed that velocity is accelerated slightly except towards the microchannel centre and plate y ¼ 0. In Figure 4B , fluid temperature is significantly enhanced at increasing values of effective temperature ratio. The effect of this is noticed in Figure 4C with an increase in entropy production approaching the microchannel plate y ¼ 1. Furthermore, Bejan number rises approaching the plate y ¼ 1 but reduces towards y ¼ 0 in Figure 4D . It is then concluded that fluid friction irreversibility is dominant at plate y ¼ 0 , while heat transfer irreversibility is dominant at plate y ¼ 1.
Influence of rarefaction
In Figure 5A , the effect of rarefaction parameter on fluid velocity is presented. The plot indicates that rarefaction parameter increases and fluid velocity at plate y ¼ 0 is not significant; however, it is decelerated towards the microchannel plate y ¼ 1. Fluid temperature is considerably enhanced at plate y ¼ 1 for different values of rarefaction as displayed in Figure 5B . Figures 5C and 5D presents similar results at plate y ¼ 1. Both entropy generation and Bejan number reduce as the values of rarefaction parameter increase. The implication of this observation is that entropy generation at microchannel wall y ¼ 1 is a consequence of viscous dissipation.
Influence of Hartmann number
Finally, the response of fluid velocity, temperature, entropy generation and Bejan number to variation in Hartmann number is presented in Figure 6 . In Figure 6A , fluid velocity is found to have decelerated within the microchannel region. The observed reduction in the motion of fluid is attributed to the presence of applied magnetic field which usually induces a resistive type of force known as Lorentz force. Also the presence of Ohmic heating in the flow significantly enhanced fluid temperature as depicted in Figure 6B . Figures 6C and 6D displays increase in fluid entropy generation and Bejan number at the microchannel walls as Hartmann number increases from 1 to 5. It is deduced that fluid entropy generation is induced by heat transfer irreversibility.
Conclusions
Entropy generation of fully developed steady, viscous, incompressible couple stress fluid in a vertical micro-porous-channel in the presence of magnetic field is analysed in this work. The equations governing the fluid flow are solved via an efficient technique proposed by Zhou. Then fluid entropy generation and Bejan number are calculated by the results obtained. This work reduces to Chen and Weng [34] when Hartmann number, couple stress parameter, entropy generation and Bejan number are neglected H ! 0; a ! 0; Ns ! 0; Be ! 0 ð Þ . Furthermore, it agrees with Jha and Aina [10] in the absence of couple stress parameter, entropy generation and Bejan number a ! 0; Ns ! 0; Be ! 0 ð Þ . The present study is significant in the cooling of microchannel devices and conservation of useful energy. The following conclusions are made based on the results above:
1. Couple stress parameter reduces fluid velocity, velocity slip, temperature and entropy generation.
2. Increase in fluid-structure interaction parameter increases fluid temperature. However, entropy generation enhances at the hotter wall and reduces at the cooler region of the microchannel. Furthermore, fluid irreversibility is enhanced at the hot wall and increases at the cold wall.
3. Effective temperature ratio slightly enhances fluid velocity and velocity slip, raising fluid temperature significantly.
4.An increase in the values of rarefaction mainly reduces fluid velocity and velocity slip, increases fluid temperature and reduces entropy generation.
5. Hartmann number decreases fluid velocity and velocity slip, while the temperature is enhanced considerably. Entropy generation and Bejan number are enhanced at microchannel walls.
